Recently, it was shown, that the absence of circular polarization of visible light from quasars, severely constrains the interpretation of axion like particles (ALPs) as a solution for the generation of the linear polarization. Furthermore, the new observation of the linear polarization in the radio wavelength from quasars, similar to the earlier observation performed in the optical band, makes the ALPs scenario inconsistent with at least one of the two observations. In this study we extend this scenario, to two axion like particles, one scalar and another pseudoscalar. We find, that the effects from scalar and pseudoscalar cancel out each other, thereby suppressing the circular polarization, while preserving consistent linear polarization, as observed in both visible and radio waves bands.
I. INTRODUCTION
The existence of the light scalars and pseudoscalars beyond the Standard Model is generic.
One prominent example is, very light axion, which was introduced to solve the strong CP problem. The axion itself, being closely related to QCD, has a definite relation between its mass and decay constant. The interactions of axion to other particles are determined by specific models [1, 2] . Many other axionlike particles (ALPs) with very small mass are predicted, in the supergravity [3] and superstring [4] theory. These ALPs can have a coupling to photons similar to the axion and may alter the astrophysical observations.
In the last two to three decades [5] , the axion-photon coupling and subsequent mixing or conversion scenarios has received a great deal of attention [6] , both phenomenologically [7] and experimentally [8] . This is of particular interest in astrophysics, where this mixing of photons with axion makes the universe transparent to the former [10] and also changes their polarization properties [9] . It is also believed to be potentially responsible for effects like 'Supernovae dimming' [10] or 'Large scale coherent orientation' [9] of the universe, through quasar polarization.
It was found and confirmed that the quasar polarization vectors are not randomly oriented as naturally expected, but appear concentrated around one preferential direction on very large spatial scales [11] [12] [13] [14] . The polarization vectors appear coherently aligned over huge (∼ Gpc) regions of the sky located at both low (z ∼ 0.5) and high (z ∼ 1.5) redshifts and characterized by different preferred directions of the quasar polarization. It seems that the mean polarization angle rotate with redshift at the rate of ∼ 30
• per Gpc [14] . In North Galactic hemisphere, it rotates clockwise and in South Galactic one it does counter-clockwise.
It was suggested that the mixing between the light and ALPs in the background of magnetic field can explain the alignment of polarization in the visible light from quasars [15] .
However, the consequent observation of vanishing circular polarization [16] is a problem for the hypothesis. Therefore it is argued that the ALPs cannot explain the alignments and only constrain ALPs [17] . Furthermore recently it was reported that the radio waves (8.4 GHz) show the similar coherent orientations of polarization from quasars [18] by extending the first investigation with no alignment in Ref [19] . This further disfavors the need for
ALPs as an explanations [20] and gives new constraint on ALPs [21] .
In this study, we shall explore the above mentioned polarization properties of distant quasars, not with the single axion, but with the help of two generic ALPs: scalar and pseudoscalar. In the existence of the external magnetic field, the scalar and pseudoscalar couple to the specific polarization direction of the light. The scalar couples to the orthogonal direction of the magnetic field while the pseudoscalar couples to the parallel direction only.
Thus when the mixing of both scalar and pseudoscalar with light is very similar, the circular polarization is cancelled by their mutual effect on photon. We show this using Stokes parameters applied to the light interacting with two generic ALPs, mediated by a background magnetic field. Therefor the existence of two ALPs are quite compatible with observations.
We also find that the alignment of the mixing angles suppresses the rotation of the orientation angle of linear polarization and is difficult to model the effect redshift dependent, as reported in the observations, over the cosmological length scales.
In section II we summarize the properties of the light from the quasars, in terms of the stokes parameters and describe the observational findings in terms of them, in three different categories. In the next section III we shall introduce two channel mixing of photon with ALPs one being of scalar type & the other being of pseudoscalar type. Here in this section we modify the formulae for stokes parameters [20] generally given in the literature for single channel photon to ALPs mixing. We also develop a new formula for linear polarization orientation angle dependence with distance (redshift), which has not been discussed before in single channel mixing literatures, on the very least, not for this type of models that employ -uniform magnetic field (& medium). We , in section IV delineate our results to compare the observations with our model. We summarize in section V & comment on the viability of ALPs vis-a-vis 'Large scale coherent orientation' [9] observation on quasars. We demonstrate that previous objections raised disfavouring ALPs as a viable model for the (HUTSEMEKERS) effect may be nullified in this novel route.
II. THE POLARIZATION OF LIGHT FROM QUASAR
Any light beam can be characterized by E(z, t) = E (z, t) e + E ⊥ (z, t) e ⊥ . Here ( e , e ⊥ ) define the plane transverse to the propagation direction of the light and each are chosen to be parallel and perpendicular to the transverse magnetic field to the direction of the light.
The polarization state of the light can be described by the Stokes parameters defined as
where the bracket denotes the averages over the exposure time. Here I denotes the intensity of the light and Q and U describes the linear polarization and V represents the circular polarization. The degree of the linear polarization and the degree of circular polarization are respectively
and they contribute to the total degree of polarization,
Here we used q ≡ The light from distant quasars shows coherent orientations in the polarization both in visible and radio (8.4 GHz) waves. The degree of linear polarization is of the order of 1%. To explain the observation we require [16] 0.005 |p lin | 0.02,
both for visible and radio waves.
(II) Absence of the circular polarization Although the objects are highly linearly polarized, the circular polarization is not observed [16] . This non-observation of circular polarization constrains |p circ | by
(III) Redshift dependence of the polarization direction
Another interesting observation is the correlation of the polarization angles with the cosmological distances. The observation shows the rotation of the angle is around [14] 30
• per Gpc.
However we note that this shift in orientation with distance can be seen in the restricted data set only (aligned to a particular direction), binned over large (z=0.5) distances, with number of entries in each bin being small [14] .
To date there is no known satisfactory explanation for these three observations. Recently there was a suggestion with axion like particles mixing with light to explain the linear polarization. However the absence of circular polarization and the polarization in the radio waves disfavors the interpretation of ALP. But as we are working on this model, when there are two kinds of ALPs, scalar and pseudoscalar, the behavior is different. In the next section,
we will look for mechanisms with two ALPs to explain the above observations.
III. TWO ALPS: SCALAR AND PSEUDOSCALAR
In this paper, we consider both scalar and pseudoscalar ALPs with different masses and couplings in general. The Lagrangian density is given by
where m, m ′ and g, g ′ are the masses and couplings of pseudoscalar and scalar respectively andF µν ≡ 1 2 ǫ µµρσ F ρσ is the dual of the electromagnetic tensor. The current limit on the coupling is g, g ′ < 6 × 10
The equations of motion for the scalar and pseudoscalar are
Similarly, the equation of motion for the photon can be written as,
where n is the unit normal vector in the direction of ∇φ and we used E/c ≪ B ext and B ≪ B ext . Here we added the term for the interaction with plasma with frequency ω p .
In the existence of the external magnetic field, the scalar and pseudoscalar couple to the specific polarization direction of the light. The scalar couples to the orthogonal direction of the magnetic field while the pseudoscalar couples to the parallel direction. Therefore the mixing of ALPs with light are separated depending on the polarization of light. This makes the mass matrix a block diagonal one. The mixing angles between scalar and orthogonal polarization and between pseudoscalar and parallel polarization respectively are given by
where B is the field strength of the external magnetic field transverse to the direction of the light, ω p is plasma frequency, and ω and k are the frequency and wave number of the propagating light. The eigenvalues for the masses are given respectively by
For the initially vanishing ALP fields
we find the field solutions as
Here A ⊥ and A are the orthogonal and parallel component of the electromagnetic potential to the transverse external magnetic field.
Using Eq. (14) and Eq. (15) we can obtain the evolutions of the Stokes parameters using Eq.
(1) at a distance z travelled inside a magnetic field region for a plane wave described initially by I 0 , Q 0 , U 0 , and V 0 . Those can be expressed as
where we used the condition ω 2 ≫ µ However in general there is small non-vanishing U 0 and the mixing induces the interchange between the linear and circular polarization (birefringence) resulting in non-zero V (z).
IV. RESULT
In general, a partially polarized beam can be decomposed by the sum of fully polarized beam and of unpolarized one. In this case the the Stokes parameters are additive with these two beams. Therefore in this section, We consider the light from quasar in two cases, one with initially unpolarized light and the other linearly polarized.
A. Initially unpolarized light
First we consider the degree of linear polarization in the case of initially unpolarized light beams. Thus we use
For initially unpolarized light, the circular polarization is not induced, however, the linear polarization is generated and the degree of the linear polarization in Eq. (2) becomes
where
The mixing cannot produce the polarization given in Eq. (4) both in the visible and radio waves even with two ALPs, as similar to the case with single ALP [20] . Since the maximum polarization depends on the mixing angle and thus on the frequency, the linear polarization have big difference between visible and radio waves, where the ratio of frequency between visible and radio wave are of an order of 10 5 . Therefore the degrees of polarization are different by an order of 10 10 . This implies that the observed polarization both in the visible and radio come mainly from the intrinsic origin.
B. Initially polarized light
We consider the initially polarized light beams with no circular polarization initially q(0) = 0, u(0) = 0.01, and v(0) = 0.
However the mixing with ALPs generate non-zero circular polarization due to the birefringence effect as in Eq. (16), which can easily violate the observation of the absence of circular polarization in Eq. (5). However with two ALPs, in the following two cases, we can find parameter region that the effects from scalar and pseudoscalar cancel each other and result in the negligible circular polarization.
When the masses of the ALPs are much smaller than the plasma frequency, the mass eigenstates in Eq. (12) are
Therefore the absence of circular polarization in Eq. (5) is satisfied by the condition
where ∆θ ≡ θ − θ ′ ≪ 1. It is easy to find that q(z) is highly suppressed in this condition.
However u(z) is always of the order of u(0) and thus the degree of linear polarization is
In this case, to suppress the circular polarization in Eq. (16), we need additional condition of the degenerate masses as well as the same order of mixing angles,
In figure 1 , we show the contour plot of the linear (upper) and circular (lower) polarization for the visible (left) and radio (right) waves in the plane of the external magnetic field and the scalar mass for fixed pseudoscalar mass. The frequency of visible and radio waves are ω V = 2.5 × 10 −9 GeV and ω R = 3.474 × 10 −14 GeV which correspond to the wavelength 500 nm and 3.57 cm respectively. We use the typical size of the magnetic field strength of 1nG = 1.95 × 10 −29 GeV 2 in the cosmological scale of 1 Gpc [7] . Actually the exact value of the magnetic field strength is not an issue since the the coupling is always involved with magnetic field together. The plasma frequency has been chosen to be ω p = 4 × 10 −24 GeV, though this is not a critical issue in our study. We consider that both the couplings to be the same g φ = g φ ′ = 10 −11 GeV −1 . We fixed the pseudoscalar mass to be m = 10 In the upper windows of the figure 1, we can see that the degree of the linear polarization is order of 0.01 for both visible and radio waves, however the circular polarization is suppressed less than around 10 −5 and 10 −9 for visible and radio respectively. The high suppression in the radio frequency is because the mixing angles are much smaller due to the small frequency as in Eq. (10). Here we can see that it is possible to nullify the circular polarization for wide range of parameters for the case 1) with m, m ′ ≪ ω p without resorting to the restrictive resonance condition. In figure 2 we show the evolution of the normalized Stokes parameters as a function of distance for the same parameters used in the figure 1 and radio (right) waves. Here we used the same parameters as in figure 3 .
since, in the radio band the cirucalr polarization is very low and the |q| polarization is indistinguishabe from zero.
For case 1) & 2), shown in the previous section IV, the ALPS can have large mixing and the polarization orientation may change with distance. The rotation of the polarization angle is related with the ratio between the relative intensity of the two independent degrees of polarization of light. The polarization angle at a distance z from the source can be obtained as
The observation in Eq. (6) requires that the change of the angle from the source
satisfies around π/6 for 1 Gpc distance.
Using Eqs. (15) and (24), we find that the rotations of the polarization angle is given by
As you can see in the Eq. (26), we need unsuppressed mixing angle to have observable effect in the change of the polarization angle.
In figure 4 & 5, we show the change of the polarization angle for the case 1) & 2) shown in the previous section IV. We use the same parameters given in the figure 3. However we find that the large mixing necessary for the rotation of the polarization angle makes a linear polarization too large which is inconsistent with observation. At the maximimal case of mixing angle we can obtain the rotation about π/6 per Gpc.
First, we note that, this shift in orientation with distance is shown by only the restricted data set (aligned to a particular direction), binned over large (z=0.5) distances, with number of entries in each bin being small. Second, the quasar distribution is not uniform (they tend However we note that the redshift dependence of the quasar polarization angles are seen in the selected dataset aligned to a particular direction and binned over large distance.
Howeve in the small distance scale both the restricted dataset and the full one is highly inhomogenous. For the detailed structure of this orientation pattern with minute distances, which may either support our explanation or rule it out, we need more data such as in the LSST 2 . The same stands for this preliminary orientation structure of linear polarization observed at different length scales [14] .
We conclude that the single ALP may have problems with the current observation of the polarizations from quasars, however two ALPs can overcome these difficulties and can be compatible with the new constraints.
